Abstract The transport process of 12 C ions in water was studied with SRIM code and Geant4 toolkit. The SRIM results indicate that the transverse diffusion of 12 C ion beam causes distortion of energy deposit along the beam direction. The distortion becomes more notable as the transverse diffusion increases. The simulation results of Geant4 indicate that the influence of secondary fragments on energy deposit distribution would be the main factor causing the distortion in higher energy range. In the region adjacent to the beam line where the contribution from 12 C ions dominates, the contributions from secondary fragments are ignorable. The further from the beam axis the region locates, the larger the contributions from secondary fragments, until the contributions from secondary fragments are ignorable. The further from the beam axis the region locates, the larger the contributions from secondary fragments, until the contributions from secondary fragments exceed that of 12 C. Among all the secondary fragments, the contributions of H, He and B ions are mostly notable. It is also found that some positron-emitting secondary fragments could be very useful for position emitting tomography (PET).
Introduction
Radiotherapy has become one of the most important methods of cancer treatment, and the radiotherapy using heavy ions has been used in clinical treatment [1, 2] . The heavy ion beam produced by accelerators is a kind of high Linear Energy Transfer (LET) rays with the characters of sharp Bragg peak in energy distribution and high Relative Biological Effectiveness (RBE). These characters give heavy ion therapy many advantages, such as more effective in damaging or killing the cancer cells and less harmful to healthy tissues adjacent to the tumor [3∼5] . In the research of energy deposit distribution and secondary fragments production, simulations using Monte Carlo codes as an effective tool have become very common [6, 7] . Based on the investigations of the interactions between ions and materials, it was found that 12 C ion has better physical and biological effects than other ions like proton [6] . The secondary fragments beam produced by 12 C ions in water and the dose distribution in carbon ion radiotherapy were also reported [8∼10] . Positron-emitting nuclei produced in proton and carbon ion therapy have received much attention since they can be used in PET (Positron Emitting Tomography) [7, 11] . In radiotherapy, the energy deposit distribution should have sharp Bragg peak and little spread in the radius direction. However, because of the transverse diffusion of incident beam and the production of secondary fragments, distortion of energy deposit distribution occurs. The advantages of heavy ion therapy are impaired by the distortion of energy deposit distribution in practical treatment. The present work concentrates on those factors that lead to the distortion of energy deposit distribution. Usually, water was chosen as the equivalent substitution for body fluid when the interaction between heavy ions and body fluid was studied [7, 10] . Water target was also selected in this study.
Simulation using SRIM
SRIM, a classic Monte Carlo code, with full quantum mechanical treatment of ion-atom collisions has been used widely in calculating the stopping process and the range of ions penetrating into matter. In this simulation, a box filled with water was used as the target and a dot source of 12 C ions with the energy of 80 MeV/u, 120 MeV/u, 160 MeV/u and 200 MeV/u was used as the incident ion beam.
12 C ions lost their energy gradually in the target, captured electrons and finally became still in the target as atoms. During this process, the position where the interactions (that means the collision between 12 C ions and H and O atoms in water) took place, the energy that ions had before interactions, the average energy loss in every step and some other kinds of information would be recorded and all data were output to a file named COLLISON.TXT. The data used in the analysis of this paper are enumerated as follows: the energy of incident ions before any collisions (named incident energy with a unit of keV), the collision position (x, y, z) of each step, and the energy loss in each step (named S e , eV/Å).
The algorithm of allocating energy
deposit used in computing the distribution of energy deposit A Cartesian coordinate system was setup with the incident point as its origin, the beam direction as the X axis and the vertical direction as the Z axis, as shown in Fig. 1 , which is the same as the coordinate system used in SRIM. And a grid with the size of n · n · n was created to divide the target region, and the objective quantity was the total energy deposit in every cell. As shown in Fig. 1(b) , point P 1 was adopted to locate the position of the bin. If a collision took place at point A and the next collision took place at point E, the line AE was taken as the track along which the ions moved, as shown in Fig. 1(a) . The total energy loss along line AE was obtained from the SRIM output data file COL-LISON.TXT. Assuming that the energy loss along the track was a uniform distribution, we could calculate the energy got by every bin. If we assumed that A was in the bin of (m, n, k) and E in the bin of (m + 1, n + 1, k + 1), the positions of points B, C, D where AE intersected with the surfaces of other bins could be calculated by geometry method. The energy loss of AB equaled |AB|·S e and was accumulated to the bin of (m, n, k); the energy loss of BC equaled |BC| · S e and was accumulated to the bin of (m + 1, n, k); the energy loss of CD equaled |CD| · S e and was accumulated to the bin of (m + 1, n + 1, k); the energy loss of DE equaled |DE| · S e and was accumulated to the bin of (m + 1, n + 1, k + 1). Handling all tracks of collisions in this way, we could calculate the total energy deposit in all bins within the interacting region. 
Discussions on the results
The output data of 12 C ions with energy of 80 MeV/u, 120 MeV/u, 160 MeV/u and 200 MeV/u in water was analyzed using the method described in section 2.1. Since the energy deposit was axisymmetric along the beam line, we could choose the slice of Z=0 to demonstrate the distribution of energy deposit in the whole target. Fig. 2 shows the energy deposit at different depths of the whole target and that in the region near the beamline (there are a series of bins along the beam line) when the energy of incident 12 C ions is 160 MeV/u. In Fig. 2 , the curve shows a perfect Bragg peak with large ratio of peak to plateau which satisfies the demand of radiotherapy. In radiotherapy only the energy deposited near the beam line is effective in killing cancer cells, so we must investigate the energy deposit distribution near the beam line. Actually, as shown in the dotted curve, the energy deposit in the region near the beam line has obvious distortion in the X-axis direction. That is to say, the distribution in plateau area becomes uneven and the ratio of the energy deposit in the peak to that in the plateau gets smaller. This change is negative to radiotherapy. The reason why this change happens is the occurrence of transverse diffusion, which is caused by the scattering of 12 C ions from the target nuclei. When 12 C ions travel through the water, the energy deposits spread in an area instead of in a concentrated line. As a result, the energy deposit in the objective place where the cancer cells are located weakens relatively. The larger area the beam line spreads, the greater the influence.
Results of other energy are listed in Table 1 . The range in the axial (that means depth) and the radial direction both become larger as the energy of 12 C ions rises. However, assuming a spreading angle θ whose tangent equals the ratio of transverse range to depth range, we can see that the spreading angle changes slightly. Considering the statistic inference we had also made some tests. The simulation results would not be affected when the number of incident ions exceeded 200. Thus, 1000 samples were used to give the final results.
Simulation using Geant4 toolkit
If a tumor is located in a deeper place of the body, heavy ion beam with higher energy will be needed in treatment. The interaction between high energy charged heavy ions and materials is very complicated. Besides the ionization of charged particles, heavy ions may interact with the nuclei of target atoms with high probability. If the incident energy of projectiles is not too high, their slowing-down process in target is governed by continuous interactions with the outer electrons of the target atoms, which can be described by Bethe-Bloch formula. If the energy of heavy ions is high enough to trigger nuclear reactions, secondary fragments will be produced. Such processes are not included in SRIM code. Therefore, we switched to Geant4 toolkit, which provides alternatives to choose different hadronic models for nuclear reaction in different energy ranges [12] . In this paper, the projectiles were 12 C ions with energy of 33 MeV/u, 50 MeV/u, 67 MeV/u, 117 MeV/u, 167 MeV/u, 417 MeV/u and 833 MeV/u, and the target was a box filled with water. The energy deposit was classified by the number of protons in the secondary fragments. Energy deposit for gamma rays and neutrons was specifically calculated.
Secondary fragments and their energy deposit
Many fragments, from neutron to 18 O, occurred in the interaction between 12 C projectiles and water target nuclei. Table 2 enumerates the contributions of all kinds of fragments classified by the number of protons for incident ions of an energy of 167 MeV/u. It shows that H, He and B ions make obviously larger contributions than others.
The contributions of secondary fragments become larger as the incident energy of 12 C ions increases. Fig. 3 shows the contributions of each kind of fragments (include primary 12 C ions) to total energy deposit when the incident energy of 12 C ions varies from 33 MeV/u to 833 MeV/u. The contribution to the total energy deposit of all the secondary fragments becomes smaller when the incident ions carry less energy. This can be explained by the fact that different kinds of interaction play a leading role in different energy range. In the low energy range, ionization plays main role and few secondary fragments are produced due to small probability of nuclear reaction. As the energy of incident ions rises, more secondary fragments are produced and each gains more energy, and the contributions of secondary fragments to energy deposit become more significant. The contribution of all secondary fragments grows up to 44.12% when the energy of 12 C ions reaches 833 MeV/u. Gamma rays always account for a small percent. The reason is that the stopping power of water to Gamma rays is not strong enough to reduce efficiently the energy of gamma ray. In fact, many gamma photons escape from the target without losing energy. As for neutrons, things are similar. Most of the neutrons produced in the interactions escape. 
The influence of secondary fragments on energy deposit distribution
The fact that energy deposit has its maximum at the Bragg peak makes the most important advantage for the application of heavy ion therapy to cancer treatment. If the Bragg peak is located at the place of tumor, the energy deposits in the tumor region will be much larger than that in nearby healthy tissues. This advantage means less harm to healthy tissues with cancer cells effectively killed. The results of this simulation in high energy range suggest that the secondary fragments will sharply impair this advantage.
Compared with 12 C ions, most of secondary fragments have less charge and mass. According to BetheBloch formula, the stopping power is proportional to the square of charge. Thus, less energy loss and powerful penetrating capability would be expected, if particles have less charge. Less mass means that the motion state is changed more easily. That is to say the secondary fragments deflect away from the beam line more easily than the heavier 12 C ions. The influence of secondary fragments on the 3D energy deposit manifests itself as a tail beyond the Bragg peak in the depth direction and as an extension of energy deposit region in the radial direction. Both influences will enhance harmful effects to healthy tissues. The contribution from secondary fragments must be taken into account in cancer treatment, especially in dose estimating and dose plan making.
The depth distributions of energy deposit contributed by 12 C ions and secondary fragments near the Bragg peak for energy of incident 12 C ions of 67 MeV/u and 167 MeV/u are showed in Fig. 4 , which indicates that the tail is caused by secondary fragments rather than 12 C ions. The lighter the fragments, the longer the distance they travel. The tail will be more notable as the energy of ions increases. The most remarkable contributions of secondary fragments at the place of Bragg peak come from H, He and B ions. H and He ions can spread to very deep place in the depth direction for their smaller mass. 5 shows the distributions of energy deposit contributed by 12 C ions and secondary fragments in the radius direction at the depths of half range and Bragg peak. In the region near the beam line the contribution from 12 C dominates. The energy deposit of 12 C ions decreases dramatically as the distance to beam line increases. Then, the contributions from secondary fragments become not ignorable. The secondary fragments are the main factor that causes harmful effects to nearby healthy tissues. 
The production of positron-emitting nuclei
The secondary fragments are not always negative for ion therapy. Some of these fragments can emit positrons, which could make the monitoring of heavyion therapy feasible by using PET. Among such nuclei emitting positrons as 11 C, 10 C, 15 O etc., the most valuable one is 11 C, whose half-life period is ∼20 minutes ( 10 C: 19 seconds, 15 O: 2 minutes), long enough to take PET monitoring after treatment. The production rates of positron-emitting nuclei with incident energy of 167 MeV/u of 12 C are showed in Fig. 6 , which indicates that positron-emitting nuclei are produced almost uniformly along the track of 12 C ions. And coincidently the production rate and depth energy distribution of 11 C, the most valuable one, are higher than those of the other two. 
Conclusions
The transporting process of 12 C ions in water was studied in this paper with SRIM code and Geant4 toolkit. The factors that cause the distortion of energy deposit were analyzed emphatically. The transverse diffusion of 12 C ions and secondary fragments are main factors causing the distortion, and the latter becomes the main factor in higher energy range. Furthermore, the production rate and energy deposit of positron-emitting nuclei are investigated, and further study in this direction is planned to carry out in near future.
